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Electrodeposition is commonly used to deposit ceramic or metal coating on metallic implants. Its uti-
lization in depositing polymer microcapsule coating is currently being explored. However, there is no en-
capsulation of drug within polymer microcapsules that will enhance its chemical and biological properties. 
Therefore, in this study, ginseng which is known for its multiple therapeutic effects was encapsulated inside 
biodegradable poly(lactic-co-glycolic acid) (PLGA) microcapsules to be coated on pre-treated medical grade 
stainless steel 316L (SS316L) using an electrodeposition technique. Polyaniline (PANI) was incorporated 
within the microcapsules to drive the formation of microcapsule coating. The electrodeposition was per-
formed at different current densities (1–3 mA) and different deposition times (20–60 s). The chemical com-
position, morphology and wettability of the microcapsule coatings were characterized through attenuated 
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM) 
and contact angle analyses. The changes of electrolyte colors, before and after the electrodeposition were 
also observed. The addition of PANI has formed low wettability and uniform microcapsule coatings at 2 mA 
current density and 40 s deposition time. Reduction in the current density or deposition time caused less at-
tachment of microcapsule coatings with high wettability records. While prolonging either one parameter has 
led to debris formation and melted microcapsules with non-uniform wettability measurements. The color of 
electrolytes was also changed from milky white to dark yellow when the current density and deposition time 
increased. The application of tolerable current density and deposition time is crucial to obtain a uniform mi-
crocapsule coating, projecting a controlled release of encapsulated drug.
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Introduction
The fast-pace technologies have improved the performance 
of metallic implants. Several existing metals are verified to be 
used as metallic implants such as stainless steels, cobalt-based 
alloys, titanium-based alloys and others (e.g., nitinol and al-
loys of Mg and Ta) due to its capability to present long-term 
success in implantation without causing harm to living tis-
sues.1,2) The outcomes of implant restoration depend primarily 
on surface chemistry, mechanical durability and biocompat-
ibility of implant materials.3) Another strategy to improve the 
outcomes of implant restoration is the utilization of polymer 
as a coating material.4) For example, drug/antibacterial poly-
mer based coatings which composed of various types of 
biodegradable polymers such as polyethylene glycol (PEG),5) 
poly(lactic-co-glycolic acid) (PLGA).6,7) and poly(L-lactide) 
(PLLA)8) have been coated on metallic implants to control the 
release of drugs and antibacterial agents.
PLGA is one of the most common used polymers to coat 
metallic implants.9) It is a linear copolymer, composed of two 
constituent monomers which are poly(lactic acid) (PLA) and 
poly(glycolic acid) (PGA).9) PLGA has been extensively used 
in many applications such as implantable matrices and sub-
strates for drug or macromolecules delivery and as a scaffold 
for tissue engineering10,11) due to its good biocompatibility9) 
and degradability.12) It has been permitted by Food and 
Drug Administration (FDA) to be used in human.11) In this 
study, PLGA was used to encapsulate an herbal compound 
of ginseng for drug delivery purpose. Ginseng is classified 
as a therapeutic compound that can maintain homeostasis of 
the human body and able to strengthen vital energy.13,14) An 
original ginseng or also known as Panax ginseng is a small, 
shade-loving, perennial shrub which belongs to the ivy fam-
ily Araliaceae.14) Ginseng is being used worldwide, especially 
in Asian countries for their effects on anti-fatigue,13) immune 
system15) and cardiovascular disease.16,17) Numerous studies 
are focused on individual ginsenosides due to strong pharma-
cological effects of each constituent.
There are several strategies or techniques to coat metallic 
implants such as dip-coating,18) thermal spraying and elec-
trophoretic deposition.19–21) Each technique possesses various 
advantages while also having disadvantages based on the 
coating process. For example, a dip-coating technique is able 
to coat complex structure, permit a mixture of distinct layer 
of polymers and active principle amounts as well as low 
cost.18) However, it could lead to several complications such 
as bridging, pooling, reduces coating uniformity and produces 
burst release effect.22) While a thermal spraying technique 
such as plasma spray, has high deposition rate but requires 
advance instrument with an adaptation of high processing 
temperature.19) The formation of amorphous coating due to 
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rapid cooling from high processing temperature has affected 
the coating structure and homogeneity.19,20) The high process-
ing temperature also did not allow polymer coating deposition 
due to melting and glass transition effects.23) Therefore, in this 
study, an electrodeposition technique was employed to form a 
polymer based coating as it does not require high processing 
temperature.
Electrodeposition or electrophoretic deposition is another 
variation of coating technique which has an ability to coat 
complex geometries and it is preferable for deposition of poly-
mers and biomolecules.21) This coating technique is inexpen-
sive, fast and simple to deposit layers of material onto metallic 
implants.24,25) It has capability to form coating on large surface 
area and has enormous opportunities in various medical appli-
cations such as biosensor, medical device coating and biologi-
cal scaffold.26) The process offers high deposition rates and 
possibility to deposit coating materials onto complex shape 
substrate such as blood vessel stent27) and it does not employ 
chemical cross-linking agent that may cause cells toxicity.28) 
Theoretically, deposition of non-conductive polymers using an 
electrodeposition technique demands integration of conductive 
materials such as polyaniline (PANI) to drive the formation of 
polymer based coating. PANI or known as aniline black pos-
sesses interesting electrochemical properties with exceptional 
conduction mechanism.29) It exists in many forms such as 
fully oxidized pernigraniline base, half-oxidized emeraldine 
base and fully reduced leucoemeraldine base.30) Several re-
searchers have clarified its biocompatibility on different types 
of cells through cytotoxicity, cells attachment and prolif-
eration analyses.31–33) However, higher composition of PANI 
might lead to adverse effects on cell viability.34,35)
Previously, electrodeposition technique has been used to 
deposit PLGA microcapsules without fusion of drugs4) while 
drugs are necessary to improve chemical and biological prop-
erties of the coating.36,37) Therefore, in this study, ginseng 
which is known for multiple therapeutic effects, was encapsu-
lated within biodegradable PLGA microcapsules to be depos-
ited on medical grade stainless steel 316L (SS316L) at differ-
ent current densities and deposition times. The incorporation 
of PANI inside the coating materials was intended to drive 
the formation of non-conductive ginseng encapsulated PLGA 
microcapsules. The chemical composition, morphological and 
wettability of the coating were characterized principally by 
using an attenuated total reflectance-Fourier transform infra-
red spectroscopy (ATR-FTIR), scanning electron microscopy 
(SEM) and contact angle analyses, respectively. The color 
changes of electrolyte, before and after the deposition process 
were also observed and analyzed.
Experimental
Materials  Poly(lactic-co-glycolic acid) with a lactide/gly-
colide ratio of 85 : 15 and inherent viscosity of 0.63 dL/g was 
purchased from LACTEL Absorbable Polymers, U.K. While 
ginseng extract was supplied by Dalian Hongjiu Biotech, 
China. Polyaniline (emeraldine base) with a molecular weight 
of 20000 and sodium chloride (NaCl) were obtained from 
Sigma-Aldrich, U.S.A. A fully hydrolyzed polyvinyl alcohol 
(PVA) with a molecular weight of 30000, dichloromethane 
(DCM) and 30% hydrogen peroxide (H2O2) were acquired 
from Merck KGaA, Germany. Acetone, methanol, glycerol, 
phosphoric acid (H3PO4), nitric acid (HNO3) and hydrofluoric 
acid (HF) were purchased from Friendemann Schmidt, West-
ern Australia. A thin foil medical grade SS316L with a thick-
ness of 0.25 mm was purchased from Goodfellow Cambridge 
Limited, Huntingdon, England.
Microcapsules Formation  Ginseng/PANI was encap-
sulated in PLGA microcapsules through a double emulsion 
solvent evaporation method.38) A mixture of 400 mg of PLGA 
and 1 mg of PANI were dissolved in 10 mL of DCM. While, 
30 mg of ginseng extract was dissolved in 1 mL of distilled 
(DI) water, separately. Both suspensions were emulsified by a 
homogenizer at 20000 rpm and 6 min in an ice bath to produce 
water-in-oil (w/o) emulsion. The w/o emulsified mixture was 
injected into 60 mL of 1.25% (w/v) PVA solution and continu-
ously homogenized for 10 min at 20000 rpm in an ice bath to 
achieve water-in-oil-in-water (w/o/w) emulsion.
The DCM was evaporated by stirring the mixture overnight 
at room temperature. The resulting mixture containing micro-
capsules was centrifuged at 4°C and 10000 rpm for 30 min. 
The microcapsules were collected, washed once with 0.9% 
NaCl, washed twice with DI water and stored at 5°C for fur-
ther use. The encapsulation process was repeated to encapsu-
late ginseng inside PLGA microcapsules as a control without 
the addition of PANI.
Coating Electrodeposition  The SS316L foil was cut into 
10 × 10 mm square shape and undergoes several pre-treatment 
processes39) which consisted of ultrasonic cleaning, electropo-
lishing and etching. The metals were ultrasonic cleaned in 
acetone, DI water and methanol for 10 min. Then, the met-
als were electropolished at 1.5 A for 3 min in an electrolyte 
solution composed of 50% glycerol, 35% H3PO4 and 15% 
DI water. Etching was performed by dipping the metals in a 
mixture of 10% HNO3, 2% HF and 88% DI water for 30 s to 
remove the remaining adhered electropolishing ions. The pre-
treated metals were rinsed with DI water and dried using an 
air compressor.
Fig. 1. Schematic Diagram of Ginseng Encapsulation Process and Coat-
ing Electrodeposition
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A schematic diagram of ginseng encapsulation process and 
coating electrodeposition is shown in Fig. 1. The ginseng/
PANI encapsulated PLGA microcapsules (PLGA/g/PN) and 
the ginseng encapsulated PLGA microcapsules (PLGA/g) were 
coated on the pre-treated metals using an electrodeposition 
technique following the procedures by Wang et al.26) with sev-
eral modifications. An electrolyte solution containing micro-
capsules was prepared by adding 1% (w/v) microcapsules into 
DI water. The conductivity of the electrolyte was improved 
with the addition of 0.15 M NaCl and 100 mM H2O2. The elec-
trolyte mixture was stirred for 30 min at room temperature.
The electrodeposition of the microcapsules was then con-
ducted in a laminar flow using a direct current (DC) power 
supply (72-8690A, TENMA, Japan). The pre-treated metal 
was clipped at the cathode while a reference electrode was 
used as an anode. Both cathode and anode were immersed in 
an electrolyte solution at room temperature. The electrodepo-
sition was performed at different current densities (1–3 mA) 
and different deposition times (20–60 s) as shown in Table 1. 
Finally, the coated metals were rinsed with DI water and dried 
using an air compressor before putting in a vacuum desicca-
tor for further analyses. The color of electrolyte solution was 
observed and analyzed using ImageJ software (ImageJ 1.51k, 
NIH, U.S.A.) in a gray-scale channel,40) before and after the 
electrodeposition.
Coating Characterization  ATR-FTIR (Nicoler iD5, 
Thermo Scientific, U.S.A.) was used to study the coating 
composition. The analyses were conducted using ZnSe crystal 
at a scanning resolution of 4 cm−1. The spectra were recorded 
at 32 average scans within 500 and 4000 cm−1 frequency 
ranges. The microstructure and morphology of the coating 
was viewed under SEM (Hitachi, TM300, Japan) at a magni-
fication of 3000× using an accelerating voltage of 15 kV. An 
ultrathin gold film with 5 nm thickness was sputtered on the 
coating using a vacuum sputter coater (Leica EM ACE200, 
Leica Microsystems, Germany) to avoid charging during the 
SEM observations. The wettability of the coating was as-
sessed through a contact angle analysis using a video contact 
angle instrument (VCA Optima, AST Product Inc., U.S.A.). A 
droplet of 2 µL DI water was dispensed on the coating surface 
using a 23 gauge needle. The data were recorded at three dif-
ferent areas to obtain an average value.
Results and Discussion
Chemical Composition Analysis  The chemical composi-
tion of the pre-treated metal and microcapsule coatings were 
presented on the ATR-FTIR spectra as shown in Fig. 2. No 
identical peak was observed on the pre-treated metal as the 
metal surface was free from obvious functional groups. Simi-
lar trend was noticed on the PLGA/g where there was no coat-
ing attached on the pre-treated metal. The absence of PANI in 
the coating material of PLGA/g cause restriction in depositing 
the microcapsules on the pre-treated metal due to non-conduc-
tive property of the microcapsules that disturbed electron flow 
in the electrolyte solution.
While, the other coated metals possesed C–H bending vi-
bration at 1460 cm−1, clarifying the presence of either PLGA 
or ginseng or both. The existence of C–H functional groups in 
both materials11,15) contributed to overlapping of several hydro-
carbon peaks between the wavenumber of 1450 and 1470 cm−1. 
Small peaks of C–H stretching were also noticed approximate-
ly at 2900 cm−1 on all coated metals except the pre-treated 
metal and PLGA/g.41,42) However, another identical peaks of 
PLGA including carbonyl (C=O) peaks at 1745 cm−1 and other 
identical peaks of PLGA and ginseng including C–O peaks at 
1080 and 1187 cm−1, were noticed on all PANI incorporated 
coatings except the PLGA/g/PN1a. The utilization of 1 mA 
current density and 20 s deposition time was not enough to 
drive the ginseng/PANI encapsulated PLGA microcapsules to 
be deposited on the pre-treated metal.43)
The appearance of low intensity to medium peaks of C=C 
stretch alkene was found at 1644 cm−1 on all PANI incorpo-
rated coatings which attribute the functional group of gin-
seng. However, another identical peak of ginseng, broad O–H 
stretching vibration was recorded only on the PLGA/g/PN1a, 
PLGA/g/PN2a, PLGA/g/PN3a, PLGA/g/PN2b and PLGA/g/
PN2c at 3383 cm−1. The electrodeposition using 1 and 3 mA 
were successful only at 20 s deposition time while the electro-
deposition using 2 mA were successful at all deposition times, 
20, 40 and 60 s.
The presence of PANI on the coatings could not be clari-
Table 1. Deposition of Microcapsules Coating on SS316L at Different 
Setting of Current Densities and Deposition Times
Samples Current Deposition time
PLGA/g 1 mA 20 s
PLGA/g/PN1a 1 mA 20 s
PLGA/g/PN1b 1 mA 40 s
PLGA/g/PN1c 1 mA 60 s
PLGA/g/PN2a 2 mA 20 s
PLGA/g/PN2b 2 mA 40 s
PLGA/g/PN2c 2 mA 60 s
PLGA/g/PN3a 3 mA 20 s
PLGA/g/PN3b 3 mA 40 s
PLGA/g/PN3c 3 mA 60 s
Fig. 2. ATR-FTIR Spectra of Pre-treated Metal, Ginseng Encapsulated 
PLGA Microcapsule Coatings and Ginseng/PANI Encapsulated PLGA 
Microcapsule Coatings
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fied clearly as the C=C, N–H and C–N peaks from the PANI 
emeraldine compound32) might be overlapped with other peaks 
of PLGA and ginseng. For example, the C=C peaks of the 
PANI in between of 1500 and 1680 cm−1 might imbricate the 
C=C peaks of the ginseng compound. The data require fur-
ther clarification from other instruments such as X-ray photo-
electron spectroscopy to identify specific chemical interaction 
and chemical bonding. However, in this study, the ATR-FTIR 
results in Fig. 2 has clearly verified that the incorporation of 
PANI has initiated the formation of ginseng/PANI encapsu-
lated PLGA microcapsules on the pre-treated metal due to the 
conductivity property of PANI.
Morphological Structure Analysis  The morphology of 
the pre-treated metal and microcapsule coatings were visual-
ized under SEM as presented in Fig. 3. A smooth pre-treated 
metal surface is crucial to prevent contamination and to 
support the attachment of deposited coating.44) In this study, 
the macro-dirt was removed during the ultrasonic clean-
ing process while the passive layer of SS316L was dissolved 
during the electropolishing process caused the elimination 
of micro-scratch and flaws on the pre-treated metal. Further 
treatment of etching was intended to remove the phosphate 
layer adhered on the metal surface during the electropolish-
ing process.39) There was no attachment of microcapsules on 
the PLGA/g. This result supported the data in the ATR-FTIR 
spectrum of PLGA/g where the absence of PANI has restrict-
ed the deposition of microcapsules coating. This incorporated 
conductive polymer, PANI, is playing an important role in 
driving the microcapsules to the surface of cathode.
The utilization of PANI has successfully initiated the for-
mation of microcapsule coatings on the pre-treated metal as 
been visualized in Fig. 3. The ability of PANI to enhance the 
electro-conductivity property of a material has been proved 
by Shi et al.45) where the electro-conductivity of bacte-
rial cellulose–PANI composites was increased from 10−8 to 
10−2 S cm−1. However, less coverage of microcapsules coating 
was noticed when the current density of 1 mA or deposition 
time of 20 s was applied during the electrodeposition due to 
insufficient charge or insufficient time to drive the microcap-
sules onto the pre-treated metal.43) This result is in accordance 
with the missing of C–O and C=O peaks in the ATR-FTIR 
spectrum of PLGA/g/PN1a.
While the deposition time at 40 s has produced more ho-
mogenous coating coverage. Prolongation of the deposition 
time allowed more microcapsules to be deposited on the pre-
treated metal. Theoretically, as the time increase, deposition of 
a new layer will stack on the old deposited layer44) to develop 
a thicker microcapsules coating. However, this theory was not 
achieved at the deposition of 60 s due to debris formation and 
melted microcapsules as shown by black arrows in the SEM 
images. The energy was released in the form of heat when 
long deposition time was applied which resulted in increasing 
of temperature.46) The high temperature melted the shell wall 
of microcapsules, thus releasing the inner core compound.47)
Wettability Analysis  In the perspective of wettability, 
different application has different preference of wettability 
surface as cell adhesion and migration can be influenced by 
the hydrophilic–hydrophobic properties of implant surface.48) 
Figure 4 shows the contact angle measurements on the micro-
capsule coatings deposited on the pre-treated metal at differ-
ent current densities and deposition times. The maximum wet-
ting was observed on the pre-treated metals which attributed 
Fig. 3. SEM Images of Pre-treated Metal, Ginseng Encapsulated PLGA Microcapsule Coatings and Ginseng/PANI Encapsulated PLGA Microcap-
sule Coatings
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to the removal of thin passivation layers of SS316L, allowing 
water penetration between the atomic alignments. The wetta-
bility was drastically reduced on the PLGA/g surfaces where 
no microcapsules attachment was observed in the ATR-FTIR 
and SEM analyses. Therefore, the wettability reduction was 
contributed by the development of passivation layers on the 
pre-treated metals during the electrodeposition. This passiv-
ation layers were formed due to exposure of the pre-treated 
metal surfaces to the ambient air and non-polar carbon inside 
the electrolyte solution.49,50)
The deposition of ginseng/PANI encapsulated PLGA micro-
capsule coatings has also reduced the wettability property of 
the pre-treated metals. The wettability reduction was owing to 
the hydrophobicity of PLGA instead of the passivation layers 
of SS316L as the metal surfaces were covered by the PLGA 
microcapsule coatings. The higher ratio of lactide to glycolide 
(85 : 15) in the PLGA composition with the presence of methyl 
side groups in the lactide compound has reduced the surface 
wettability.11) The wettability results may also influenced by 
the hydrophobicity of the PANI.43) For stent application, a low 
wettability implant surface is favored to prevent adhesion of 
cells and inflammatory molecules that might initiate exasper-
ate inflammation and plaque formation.7)
The 20 s deposition time (PLGA/g/PN1a, PLGA/g/PN2a and 
PLGA/g/PN3a) demonstrated higher surface wettability com-
pared to the 40 and 60 s deposition times. Less microcapsules 
were attached on the pre-treated metals at 20 s deposition 
time, thus exposing more surface of the pre-treated metals 
which led to high wettability measurements. When the de-
position time was increased to 40 s (PLGA/g/PN1b, PLGA/g/
PN2b and PLGA/g/PN3b), the microcapsules were started to 
attach bulkily on the pre-treated metals, resulting in lower 
wettability measurements. However, non-stable wettability re-
cords were attained during the 60 s deposition time (PLGA/g/
PN1c, PLGA/g/PN2c and PLGA/g/PN3c) due to formation 
of debris and melted microcapsules as reported in the SEM 
observations. The encapsulated ginseng inside the PLGA mi-
crocapsules was released once the microcapsules melted, thus 
exposing the hydrophilicity of the ginseng.47,51)
Color Changes of Electrolyte  Figure 5 shows color of 
electrolyte solution, before and after the electrodeposition. The 
electrolytes containing ginseng and ginseng/PANI encapsulat-
ed PLGA microcapsules were appeared in milky white color. 
After the electrodeposition, the color of PLGA/g electrolyte 
was changed to light yellow due to the release of iron (Fe) 
ions from the SS316L electrode52) as no microcapsules were 
attached on the pre-treated metal.
While the color of electrolytes containing ginseng/PANI 
encapsulated PLGA microcapsules were transiently appeared 
in darker yellow when the current densities and deposition 
times increased. The changes in electrolyte color indicated 
the release of electrode ions and the occurrence of electro-
chemical reaction within the electrolyte.43) Faraday’s laws of 
Fig. 4. Contact Angle Measurements on Pre-treated Metal, Ginseng 
Encapsulated PLGA Microcapsule Coatings and Ginseng/PANI Encapsu-
lated PLGA Microcapsule Coatings
Fig. 5. Color of Electrolyte Solution, before and after Electrodeposition
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electrolysis43) explained that the quantity of chemical change 
yielded by an electrical current is proportional to the amount 
of current density. In spite of the electrochemical reaction, the 
release of ginseng from the melted microcapsules could con-
tribute to the changes of electrolyte color.
Figure 6 shows the quantitative evaluation of color changes 
of electrolyte using ImageJ software in a gray-scale channel 
based on color intensity and color distribution. The means 
grayscale were reduced for all electrodeposition parameters 
after the electrodeposition process, indicate the increment of 
dark color intensity. These results are in agreement with the 
appearance of darker yellow electrolytes when the electrode-
position was performed at higher current densities and higher 
deposition times. The homogeneity of the electrolyte color 
was then marked by the standard deviation data that stipulates 
the distribution of analyzed regions. Higher standard devia-
tion values were recorded after the electrodeposition process, 
correspond to non-homogenous colored electrolyte distribution 
that came from the release of electrode ions. However, further 
analysis should be conducted to clarify the composition of 
electrolyte after the electrodeposition.
Conclusion
The ginseng/PANI encapsulated PLGA microcapsule coat-
ings were deposited on the pre-treated SS316L using an elec-
trodeposition technique at different current densities and de-
position times. The electrically conductive polymer, PANI, has 
served as a positive charge carrier in the electrolyte during 
the electrodeposition which provided a pathway for deposition 
of microcapsule coating on the SS316L. A uniform microcap-
sule coating with low wettability property was obtained at a 
current density of 2 mA and a deposition time of 40 s. Lower 
current density (1 mA) or deposition time (20 s) produced less 
formation of microcapsule coatings due to insufficient applied 
current and insufficient deposition time. While higher current 
density (3 mA) or deposition time (60 s) led to melted micro-
capsules and debris formation due to excessive heat release. 
This study elucidates the potential utilization of electrodeposi-
tion technique to coat a drug/polymer microcapsule coating 
on metallic implant which would be beneficial to control drug 
release for medical application.
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